Exploiting teeth as a model to study basic features of signaling pathways by Pagella, Pierfrancesco et al.








Exploiting teeth as a model to study basic features of signaling pathways
Pagella, Pierfrancesco ; Porcheri, Cristina ; Mitsiadis, Thimios A
Abstract: Teeth constitute a classical model for the study of signaling pathways and their roles in
mediating interactions between cells and tissues in organ development, homeostasis and regeneration.
Rodent teeth are mostly used as experimental models. Rodent molars have proved fundamental in the
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networks of signaling pathways modulate the various aspects of tooth biology, and the models used to
obtain this knowledge. Finally, we introduce new experimental approaches that allow the study of more
complex interactions, such as the crosstalk between dental tissues, innervation and vascularization.
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Teeth constitute a classical model for the study of signaling pathways and their roles in 19 
mediating interactions between cells and tissues in organ development, homeostasis and 20 
regeneration. Rodent teeth are mostly used as experimental models. Rodent molars have 21 
proved fundamental in the study of epithelial-mesenchymal interactions and embryonic 22 
organ morphogenesis, as well as to faithfully model human diseases affecting dental tissues. 23 
The continuously growing rodent incisor is an excellent tool for the investigation of the 24 
mechanisms regulating stem cells dynamics in homeostasis and regeneration. In this review, 25 
we discuss the use of teeth as a model to investigate signaling pathways, providing an 26 
overview of the many unique experimental approaches offered by this organ. We discuss how 27 
complex networks of signaling pathways modulate the various aspects of tooth biology, and 28 
the models used to obtain this knowledge. Finally, we introduce new experimental 29 
approaches that allow the study of more complex interactions, such as the crosstalk between 30 
dental tissues, innervation and vascularization.    31 
Introduction 32 
Teeth are excellent models for studying complexity in biology. From the first stages of tooth 33 
development, crosstalk between epithelial and mesenchymal cells initiate the morphological 34 
changes that drive tooth formation (1). In adult teeth, homeostasis and regeneration are 35 
guaranteed by the cooperation between hard and soft tissues, as well as resident stem cells 36 
and their crosstalk with innervation and vascularization (2, 3). The basic features of teeth are 37 
highly conserved throughout evolution (4), as tooth-like structures have been discovered in 38 
creatures as old as 400million year old, where single tooth plates were used to crush and 39 
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shred food (5). In particular, the mechanisms underlying tooth development, homeostasis 40 
and regeneration are highly conserved between humans and rodents (6). Rodents possess 41 
two classes of teeth: molars and incisors. Rodent molars are homologous to human teeth, 42 
and this similarity is reflected in the high conservation of the molecular networks that 43 
regulate their development. Rodent and human molars develop through the same 44 
morphological stages, and their final anatomy is highly similar, with few morphological and 45 
cellular differences (6). The crosstalk between epithelium and mesenchyme that is 46 
characteristic of molar development is also the basis for the development of many organs, 47 
such as hair follicles, limb, glands, lung and kidney (7, 8). These properties have therefore 48 
made the rodent molar an optimal model for the study of morphogenesis and epithelial-49 
mesenchymal interactions. In contrast to molars, rodent incisors grow continuously thanks to 50 
the presence of populations of adult dental epithelial (DESCs) and mesenchymal (DMSCs)  51 
stem cells (2, 9). As such, the rodent incisor became a preeminent model for the study of stem 52 
cells, along with other continuously growing organs such as hairs and nails (10). 53 
The tooth organ is composed of a unique combination of hard and soft tissues. The enamel is 54 
the hardest tissue in the human body, and it covers the crown of the tooth (Figure 1). It 55 
consists of highly organized hydroxyapatite crystals, as well as by minor fractions of protein 56 
matrix and water (11, 12), which are all fundamental for the exceptional mechanical and 57 
buffering properties of enamel (13-15). Enamel is supported by dentin, another highly 58 
mineralized tissue formed by carbonated hydroxyapatite, collagen, non-collagenous proteins 59 
and proteoglycans (Figure 1) (16). The core of the tooth is occupied by the dental pulp, a 60 
connective tissue that conveys innervation and vascularization (Figure 1). Nerve fibers from 61 
the trigeminal ganglion enter the pulp cavity from the apical foramen and extend until the 62 
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dentinal tubules, transmitting pain and sensitivity (17). The dental pulp is highly vascularized, 63 
providing oxygen, nutrients and blood-borne factors to sustain tooth survival (18). The tooth 64 
is anchored to the surrounding alveolar bone via the periodontium, a unique tissue that offers 65 
stability to the tooth by absorbing the masticatory loads (19, 20). Both the dental pulp and 66 
the periodontium host resident populations of mesenchymal stem cells that are activated in 67 
response to injury (21).  All these major anatomical features are shared by human and mouse 68 
molars. The tooth integrates the functionality of common tissues present in various organs 69 
(e.g. innervation, vascularization), and highly specialized tissues unique to the tooth organ 70 
(e.g. enamel, dentin, periodontium). This aspect makes the tooth an exceptional model to 71 
study communications between different cell and tissue types, both in physiology and in 72 
pathological conditions in which these interactions are disrupted. Moreover, dental 73 
pathologies affect the entire population, making the study of tooth biology an important 74 
clinical need. Caries leads to the degradation of enamel and, if not properly treated, progress 75 
into the dentin and the dental pulp (22). Similarly, the periodontium is often subject to 76 
periodontitis, i.e. the infection and inflammation of the periodontium, which is a leading 77 
cause of tooth loss (23). Finally, many mutations and syndromes cause dental defects, ranging 78 
from tooth agenesis (i.e. lack of teeth) to defective formation of hard tissues (6), all conditions 79 
for which satisfactory treatments are not yet available (24). 80 
Development of the tooth 81 
Tooth development proceeds through a series of well-defined morphological stages both in 82 
humans and rodents. Odontogenesis starts during early embryonic development (embryonic 83 
day of development 10.5 - E10.5 in mice, 6 weeks in humans) with the primary dental lamina 84 
forming as a thickening of oral epithelium at the site of the future tooth row. Dental placodes 85 
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form then along the dental lamina (Figure 2) (1). These epithelial structures establish 86 
reciprocal interactions with ectodermal-derived neural crest mesenchymal cells, which 87 
migrate from the dorsal part of the neural tube (1, 25, 26). Both epithelial and mesenchymal 88 
cells possess the capacity to initiate tooth development (27, 28). Recent evidence suggests 89 
that a transient epithelial signaling center, called initiation knot, might direct the first phases 90 
of tooth development (29). At later stages, the dental mesenchyme maintains the inductive 91 
potential, guiding the progression through the sequential stages of odontogenesis (1, 25). The 92 
dental placode invaginates into the underlying mesenchyme and forms an epithelial bud (bud 93 
stage, E12.5-E13.5 in mice, 6-8 weeks in humans. Figure 2). At this stage, a cluster of non-94 
dividing epithelial cells at the tip of the bud forms the primary enamel knot, a putative 95 
signaling center that guides further tooth morphogenesis (8). The continuous proliferation 96 
and growth of the dental epithelium around the condensed mesenchyme leads to the 97 
epithelial cap configuration (cap stage, E14.5-E15.5 in mice, 11 weeks in humans. Figure 2). 98 
The tooth then acquires the bell configuration (E16.5-E18.5 in mice, 12 weeks in humans) as 99 
additional signaling centers, named secondary enamel knots, start to form in the epithelium 100 
in correspondence to the future cusps (8). Between the cap and the bell stages, 101 
cytodifferentiation occurs. Four different epithelial layers can be distinguished: outer enamel 102 
epithelium (OEE), stellate reticulum (SR), stratum intermedium (SI) and inner enamel 103 
epithelium (IEE) (1, 30). At the tip of the cusps, mesenchymal cells from the dental papilla 104 
differentiate into odontoblasts that produce and secrete dentin. Shortly after, IEE cells facing 105 
odontoblasts differentiate into enamel-secreting ameloblasts (Figure 2). Ameloblasts and all 106 
other epithelial cell populations participate in enamel maturation. Upon completion of 107 
enamel formation, these cells form the reduced enamel epithelium, which is lost when the 108 
tooth erupts into the oral cavity. The dental epithelium is also responsible of the formation 109 
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of the roots. The region where IEE and OEE join forms the cervical loop, the site at which root 110 
formation is initiated. The IEE and OEE form the Hertwig’s epithelial root sheath (HERS), which 111 
in turn guide root formation (30). The HERS continues to grow apically to shape the root and 112 
induces the differentiation of the adjacent dental pulp mesenchymal cells into odontoblasts. 113 
These odontoblasts produce the root dentin, while HERS disaggregates into epithelial islands 114 
allowing the contact between cells of the dental follicle and the root dentin. HERS cells and 115 
mesenchymal cells from the dental follicle cooperate to generate cementum, the hard tissue 116 
that allows the anchoring of the tooth roots to the periodontal ligament (31, 32).  117 
In contrast to molars, soon after the bud stage the developing rodent incisors rotate antero–118 
posteriorly and become parallel to the long axis of the jaws. This rotation is accompanied by 119 
a morphological reorganization along the labial–lingual axis, as only the labial epithelium will 120 
give rise to the enamel-forming epithelium, while the lingual side will form the root analogue 121 
(33). Populations of epithelial and mesenchymal stem cells are maintained at the posterior 122 
end of the organ and drive its continuous growth (Figure 1). The continuous growth of the 123 
rodent incisor is also supported by the intense and continuous remodeling of the 124 
periodontium (34). Mature rodent incisors are thus characterized by anatomically distinct and 125 
molecularly defined territories, where cell proliferation, differentiation, and maturation 126 
events can be easily analyzed (35).  127 
Signaling pathways and tooth development 128 
All major signaling pathways, i.e. Sonic Hedgehog (SHH), Fibroblast Growth Factor (FGF), 129 
Transforming Growth Factor  / Bone Morphogenetic Protein (TGFBMP), WNT, Notch, 130 
parathyroid hormone-related protein (PTHrP)/ PTHrP receptor (PPR) (PTHrP/PPR) signaling, 131 
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and Hippo-YAP/TAZ pathway are recurrently involved in the regulation of tooth development, 132 
from the definition of the dental placodes to the latest stages of mineralization and tooth 133 
eruption. Ligands and receptors from the various pathways mediate the interactions between 134 
the dental epithelium and the neural crest derived mesenchyme and create molecular 135 
gradients as well as barriers within dental tissues that result in the activation of specific 136 
genetic programs and transcription factors. The latter are the final mediators of tooth 137 
morphogenesis, cytodifferentiation and mineralization.  138 
SHH, FGF, BMP and Wnt signaling cascades are all initiated by soluble ligands, which can signal 139 
both locally via autocrine or paracrine mechanisms, or at long distance, creating morphogen 140 
gradients (36). SHH signaling is initiated by three possible soluble ligands, Sonic Hedgehog 141 
(Shh), Desert Hedgehog (Dhh) and Indian Hedgehog (Ihh). These ligands bind to their receptor 142 
Patched1 (Ptch1), relieving Smoothened (Smo) inhibition and ultimately modulating gene 143 
expression via Gli transcription factors (37).  144 
The FGF signaling pathway is activated by eighteen secreted proteins that can interact with 145 
four tyrosine kinase FGF receptors (FGFRs), which in turn modulate several intracellular 146 
cascades, including  RAS-MAPK, PI3K-AKT, PLCγ, and STAT pathways. Interaction of FGF 147 
ligands with their receptors is strongly regulated by interactions with other proteins and 148 
components of the extracellular matrix (38).  149 
TGFBMP signaling is activated by ligands belonging to the TGF superfamily, which include 150 
TGFI-III, ten BMPs, and activins, among others (39). TGF ligands bind to a large set of 151 
receptors (ALK1-7, BMPRI-II, ACTRII/B, TGFRII), activating the SMAD signaling cascade (39).  152 
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Wnt signaling is a highly conserved pathway, activated in mammals by 19 different ligands. 153 
These ligands interact with Frizzled receptors (FZD), leading to the activation of canonical or 154 
non-canonical downstream signaling cascades. Activation of the canonical Wnt pathway 155 
results in the nuclear localization of -catenin, which in turn regulates the transcription of 156 
Wnt target genes (40). Non-canonical Wnt signaling results in the activation of JNK, RHOA or 157 
PLC downstream effectors  (41).  158 
The Notch pathway has a different mode of action as its ligands are membrane-bound. This 159 
signaling pathway is driven by five trans-membrane-bound ligands (i.e., Jagged1, Jagged2, 160 
Delta1, Delta-like3 and Delta-like4) that interact with four Notch receptors (i.e., Notch1, 161 
Notch2, Notch3 and Notch4) (42-45). Ligand-receptor interactions trigger the cleavage of the 162 
receptor and the subsequent nuclear translocation of its intracellular domain (46). This leads 163 
to the activation of Notch downstream genes (44) (47, 48). The Notch pathway thus 164 
constitutes a fundamental cell communication mechanism that enables neighboring cells to 165 
adopt different fates by creating sharp molecular boundaries (49, 50). 166 
The Hippo-YAP pathway perceives and responds to the physical organization of cells in tissues 167 
and coordinates these physical cues with classic growth-factor-mediated signaling pathways. 168 
The Hippo pathway consists of a core kinase cascade in which the transcriptional co-activators 169 
YAP/TAZ are phosphorylated and inactivated by either their exclusion from the nucleus or 170 
their enhanced degradation. The nuclear activity of YAP/TAZ regulates cell and organ growth 171 
(51).  172 
The parathyroid hormone-related protein (PTHrP) is locally acting autocrine/paracrine ligand, 173 
which interacts with its receptor, the PTH/PTHrP receptor (PPR), to activate multiple 174 
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heterotrimeric G proteins and trigger intracellular signaling pathways . These include 175 
primarily Gs/cAMP/protein kinase A (PKA), Gq/PLC/Ca2+/PKC signaling, as well as 176 
G12/13/RhoA/phospholipase D and the mitogen-activated protein kinase (MAPK) 177 
(extracellular signal-regulated kinase, ERK1/2) signaling cascades (52).  178 
Initiation 179 
A precise equilibrium of signals from different signaling pathways establishes the territories 180 
where teeth develop, as well as the number of teeth and their class, from very early 181 
developmental stages (6, 53). The dental epithelium is already defined before initiation by 182 
the expression of the transcription factor Pitx2 (Figure 2) (54, 55), and its deletion leads to 183 
the arrest of tooth development before placode formation (56, 57). The pattern of dentition 184 
is also established before the onset of odontogenesis, as competing gradients of FGF and BMP 185 
ligands determine the exact localization and class of the different teeth (53, 58-60). BMP4 186 
directs the shape of incisors and FGF8 the shape of molars (53). These ligands induce the 187 
expression of specific set of genes in the mesenchyme, namely Msx1 and Msx2 in the incisors 188 
mesenchyme, and Dlx1 , Dlx2 and Barx1 in the molars mesenchyme (Figure 2)  (1). The specific 189 
combination of these transcription factors determines the development of the tooth germs 190 
toward an incisorform or molariform shape (61). SHH and FGF signaling are fundamental 191 
drivers of the early phases of odontogenesis. Shh is expressed in the dental epithelium at 192 
E11.5, and Shh-expressing cells attract Fgf8-expressing epithelial cells to the dental placode 193 
(62). Both these pathways are necessary for the progression of odontogenesis, as their 194 
inhibition leads to the arrest of tooth development (62, 63).  Wnt/-catenin also plays a major 195 
role in the initial phases of tooth development. Inhibition of epithelial Wnt signaling blocks 196 
tooth development at the placode stage (64), while inhibition of mesenchymal Wnt signaling 197 
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arrests odontogenesis at the bud stage (65). Conversely, constitutive activation of Wnt/-198 
catenin in the oral epithelium induces the formation of ectopic teeth (66, 67).  199 
Morphogenesis 200 
At the bud stage, FGF and BMP signaling are needed to induce the expression of the 201 
transcription factors Pax9 and Msx1 in the dental mesenchyme. Pax9 and Msx1 themselves 202 
regulate the expression of Fgf3, Fgf10 and Bmp4 (68, 69), mediating the progression of 203 
odontogenesis (Figure 2). At the bud-cap transition, the dental epithelium is characterized by 204 
the appearance of the enamel knots, putative signaling centers localized in correspondence 205 
of the future cusps (8). Cells within the enamel knot do not proliferate and produce WNTs, 206 
SHH, BMPs and FGFs, which in turn modulate the proliferation of adjacent epithelial cells, 207 
leading to the formation of dental cusps (Figure 2) (70). Notch signaling also plays an 208 
important role in the determination of the number and shape of cusps. The Notch ligand 209 
Jagged2 (Jag2) is expressed in the dental epithelium under the control of mesenchyme-210 
derived FGFs and BMPs, and loss of Jag2 leads to the formation of smaller cusps via 211 
deregulation of Bmp4, Pax9 and Barx1 expression (71). Enamel knots and cusp formation are 212 
also strongly modulated by the activity of the TNF family ligand ectodysplasin A (EDA). The 213 
expression of Eda is regulated by Wnt signaling, and EDA in turn regulates the expression of 214 
Fgf20 (72). Mice carrying Eda deletions have smaller enamel knots, defective dental epithelial 215 
invagination and flat cusps (73). During the cap and bell stages, proliferation of the 216 
progenitors residing in the cervical loops sustain the elongation of the dental epithelium. 217 
FGF10 from the dental mesenchyme plays an important role in this process, as loss of FGF10 218 
impairs the generation of new epithelial progenitors and induces apoptosis of cells located in 219 
the cervical loops (Figure 2)  (74).  220 
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Cytodifferentiation and mineralization 221 
A key event that characterizes the cap and bell stages is cytodifferentiation. Dental epithelial 222 
cells differentiate into ameloblasts, which form enamel, the hardest mineralized tissue of the 223 
body. The specification of these cells involves a complex crosstalk between FGFs, BMPs, SHH, 224 
the Notch signaling pathway (71, 75, 76) and the transcription factor Tbx1 (Figure 2)  (77). FGF 225 
is required for the generation of ameloblasts progenitors (74), while SHH activity is necessary 226 
for the ameloblasts differentiation (78). Notch signaling plays a key role at this stage. During 227 
epithelial cytodifferentiation, Notch receptors and their ligands are expressed in adjacent 228 
cells of the dental epithelium, creating sharp boundaries that define dental epithelial cell 229 
identity (71, 75, 76, 79, 80). The expression of Notch ligands and receptors in the dental 230 
epithelium is modulated by FGF and BMP ligands (71, 80, 81), and Notch signaling modulates 231 
the differentiation of the various dental epithelial lineages (71, 82). The Notch ligand Jag2 is 232 
expressed in the dental epithelium, and its deletion impairs ameloblastic differentiation and 233 
enamel production (71). This effect is partially mediated by the loss of the expression of Tbx1 234 
(77). Tbx1 mutations in human patients are associated with DiGeorge Syndrome, a complex 235 
human pathology characterized by craniofacial malformations and defective enamel 236 
formation. Mice lacking Tbx1 do not have enamel, as ameloblasts fail to differentiate (77).  237 
Signaling pathways are also directly involved in amelogenesis, i.e. the formation of enamel. 238 
Shh activity is required for the proper terminal differentiation of ameloblasts (78). Wnt/-239 
catenin signaling is essential for ameloblast movement during differentiation (83), while 240 
constitutive activation of -catenin in ameloblasts delays their differentiation and leads to 241 
the generation of hypomineralized enamel (84). Bcl9 and Pygo2, which are generally 242 
considered to be Wnt/−catenin transcriptional cofactors, are necessary for the fine 243 
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structure of enamel, as their deletion leads to the formation of defective enamel. In 244 
ameloblasts, these two molecules directly interact with amelogenin and other important 245 
enamel proteins, modulating their localization and thus enamel structure (Figure 2)  (35).  246 
Root formation 247 
Root development strictly relies on the interaction between epithelial cells from HERS and 248 
mesenchymal cells from the dental papilla and the dental follicle (32). Several signaling 249 
pathways are involved in this process. Bmp ligands are expressed in the early phases of root 250 
formation, and their crosstalk with Shh signaling is necessary for proper HERS formation and 251 
root development. Loss of Bmp signaling in the dental epithelium leads to the persistence of 252 
Shh-dependent signaling activity in the root, leading to the inhibition of HERS formation and 253 
shorter roots (32, 85). The disappearance of Fgf10 expression in the dental mesenchyme is 254 
necessary for the initiation of root formation, while exogenous Fgf10 application at the 255 
crown-to-root transition inhibits HERS formation (32, 86). Wnt signaling is also fundamental 256 
in this process. Wnt10a-null mice are affected by taurodontism, a condition characterized by 257 
larger pulp chambers and shorter and poorly furcated roots, similar to patients with WNT10A 258 
mutations (87, 88). Similar phenotypes are induced by the constitutive activation of Wnt 259 
signaling in dental follicle cells (89). Recent works highlighted the importance of the 260 
PTHrP/PPR signaling axis (52) in the formation of the roots, as deletion of the PPR receptor 261 
leads to failure of eruption and the development of significantly truncated roots, which lack 262 
periodontal ligaments (90, 91), similar to what observed in human patients with PTHR1 263 
mutations (92).   264 
Homeostasis and regeneration 265 
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Dental stem cell behavior in homeostasis and regeneration is mostly studied in rodent 266 
incisors. A complex network of signaling pathways, including FGF, BMP, Notch, and SHH, 267 
regulates the maintenance and the differentiation of DESCs and DMSCs. FGF10 and FGF3 are 268 
produced in the mesenchyme and promote both the survival and differentiation of DESCs (74, 269 
93).  FGF9 is produced within the dental epithelium and directly regulates Shh expression, 270 
which together with other Hh ligands modulates both DESCs proliferation and differentiation 271 
(78, 94). In contrast, BMP and Wnt signaling have antiproliferative and proapoptotic effects 272 
on DESCs (95). Incisor DMSCs activation and subsequent differentiation is modulated by 273 
nerve-derived Shh (2) as well as Notch signaling (96). Both epithelial and mesenchymal stem 274 
cells are essential not only in homeostasis but also during injury repair. Injury to the incisor 275 
epithelium leads to the activation of stem and progenitor cells characterized by the 276 
expression of Notch1-expressing cells, which contribute to the regeneration of the damaged 277 
epithelial layers (82, 97). Recently, Hippo signaling has also been shown to play an important 278 
role in regulating DESCs proliferation and differentiation. Hippo-effectors Yap and Taz prevent 279 
premature differentiation of DESCs and transit amplifying progenitors via activation of the 280 
mTOR signaling pathway, and their deletion leads to loss of cell proliferation and increased 281 
cell death in the labial cervical loop area (98).  282 
Teeth as experimental models 283 
The tooth constitutes a model of excellence to study all the basic processes that underlie 284 
organ development, from initiation to morphogenesis, terminal differentiation and 285 
mineralization, as well as homeostasis and regeneration (Figure 3). The non-lethality of dental 286 
defects and diseases in animal models make teeth an exceptional model for the study of the 287 
roles of the different signaling pathways in vivo. Defects caused by gene deletions are easily 288 
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detected in teeth, in particular those that result in arrest of tooth development or in 289 
alterations of enamel formation (35).  290 
Developing teeth as prototypical model for epithelial-mesenchymal interactions 291 
The first phases of molar development are strictly controlled by epithelial-mesenchymal 292 
interactions. Classical recombination experiments were fundamental to determine that the 293 
odontogenic potential, i.e. the ability to induce formation of teeth, shifts between the 294 
epithelium and the mesenchyme through development (25, 28, 99). Heterochronic 295 
recombination experiments showed that the inductive potential resides in the dental 296 
epithelium between E9 and E11, and then it shifts to the dental mesenchyme (25, 28). 297 
Heterotypic recombination of dental mesenchyme, isolated from molars beyond E11.5, with 298 
non-dental epithelium (e.g. isolated from hair follicles) invariably resulted in the generation 299 
of teeth, showing that the dental mesenchyme contained all the signals required to induce 300 
odontogenesis (25). Moreover, In vivo recombination experiments showed that prior to 301 
initiation, the neural-crest derived mesenchyme has the potential to induce the odontogenic 302 
program into the oral epithelium (27). Indeed, tooth‐like structures developed in mouse-303 
chicken chimeras, where neural crest cells from chicken embryos were replaced by mouse 304 
crest cells. This indicates that cranial neural crest cells contain inductive potential and, 305 
together with the oral epithelium, contribute to the initiation of tooth formation (Figure 3) 306 
(27, 100). 307 
Tooth germ cultures 308 
Embryonic mouse tooth germs can be isolated and cultured as organs in high serum-309 
containing media, as signals exchanged between the epithelium and the mesenchyme allow 310 
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the progression of tooth development in vitro (101). The development of cultured tooth 311 
germs is comparable to the in vivo tooth development both in terms of structure and function 312 
(Figure 3) (101). Tooth organ cultures have thus proved fundamental to study the roles of 313 
signaling pathways in the modulation of tissue morphogenesis and cytodifferentiation, as 314 
these organotypic cultures allow live imaging (97) as well as easy treatment of the developing 315 
tooth germ by electroporation (102), as well as with antibodies, beads releasing growth 316 
factors (Figure 3), and small molecules (71, 77, 103-105). Tooth organ cultures lack however 317 
important elements such as innervation and vascularization, which are key modulators of 318 
many processes, including mineralization and stem cells activation (2, 3). After in vitro 319 
treatments, cultured tooth germs can be transplanted subcutaneously or in the kidney 320 
capsule. In these conditions, tooth germs can receive blood-derived nutrients and signals that 321 
are necessary for the full formation of the mineralized tissues (101). 322 
Teeth as model for the study of genetics, genetic therapy and regeneration 323 
Rodent molars constitute optimal models to study the molecular and genetic bases of human 324 
tooth development and disease. Mutations affecting tooth development in human patients 325 
lead to homologue phenotypes in mice, and most of our knowledge concerning tooth 326 
development was obtained via studies on mouse models (6, 88, 106). The existence of 327 
discrete morphological stages in odontogenesis provides an easy read out for developmental 328 
phenotypes, such as tooth agenesis or arrest of tooth development, induced by alterations of 329 
specific signaling pathways (35, 102, 107, 108). In addition, diseases characterized by 330 
defective enamel formation, e.g. Amelogenesis Imperfecta, are properly modeled in animal 331 
models (6, 109-111). The rodent molar periodontium has composition and behavior similar 332 
to the periodontium of human teeth, and has thus been used as a model to study periodontal 333 
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pathologies and the responses of periodontal structures to mechanical stress (34). Based on 334 
this knowledge, tooth organ cultures can then constitute an optimal platform to investigate 335 
the genetic treatment of these pathologies via e.g. electroporation (112).  336 
Both human and rodent teeth host populations of epithelial and mesenchymal stem cells, 337 
which have attracted great attention for their clinical potential. Molars host DMSCs both in 338 
the dental pulp and in the periodontium, located in close association with blood vessels (21, 339 
113-115). These cells are multipotent, have strong angiogenic and neuroattractive properties 340 
(116-118), and are activated in response to injury and other external stimuli (21, 114, 119).  341 
Many studies focused on their use in combination with scaffolds to promote regeneration of 342 
the dental pulp and the periodontium (117, 120-122). Rare DESCs have been isolated from 343 
the periodontium of human teeth and are regarded with great interest for the regeneration 344 
of enamel (123). Properties of dental stem cells are however mostly studied in rodent incisors. 345 
Incisors grow continuously thanks to the crosstalk between epithelial and mesenchymal stem 346 
cell niches, as well as due to their interaction with nerve fibers and blood vessels (2, 9). 347 
Lineage tracing and conditional knockout approaches allow the study of the effects of 348 
signaling pathways on stem cell function in vivo (90, 91, 97, 124). Moreover, the rodent incisor 349 
is easily accessible and the cutting of its anterior end does not evoke pain in the animals, thus 350 
allowing lowly invasive studies of stem cells reaction to injury (96, 97). Exogenous stem cells 351 
can also be injected close to the posterior end of the incisor (125).  The periodontium of the 352 
rodent incisors remodels continuously to support the continuous growth of the organ, 353 
showing a more dynamic behavior than that observed in human teeth and mouse molars (34). 354 
Similar to molars, incisors can be cultured in high serum-containing media, as their stem cell 355 
populations continue to proliferate and differentiate in vitro (126-128). This is turn allows 356 
 17 
efficient live imaging, treatments and injury studies (97, 102). The rodent incisor is thus an 357 
exceptional model to study the roles of the various signaling pathways on DESCs and DMSCs, 358 
both in homeostasis and regeneration.  359 
Three-dimensional culture systems started to be used to generate dental tissues starting from 360 
single cells. Dental spheroids (dentospheres) were successfully obtained from mouse and 361 
human dental epithelial and mesenchymal stem cells (Figure 3) (129-132). Depending on the 362 
culture conditions, epithelial dentospheres generated from mouse incisors and molars either 363 
showed strong stem cell properties or generated structures characterized by differentiation 364 
gradients (129). These dentospheres were shown to model, to a certain extent, some of the 365 
basic molecular networks underlying ameloblastic differentiation (132). Dental epithelial and 366 
mesenchymal cells can also be combined in three-dimensional systems to generate 367 
bioengineered tooth germs (133). Bioengineered teeth have been generated from mouse 368 
embryonic dental mesenchymal and epithelial cells. These teeth contained the various dental 369 
tissues, while their size was significantly inferior to that of normal teeth (133). To date, no 370 
biologically functional bioengineered tooth has been generated from adult cells.  371 
“Organ-on-a-chip”: modeling the interactions between the different dental tissues  372 
Monocultures, organoids and spheroids lack many features necessary for the function of any 373 
organ, such as vasculature, innervation, mechanical cues, and immune responses (134). 374 
“Organ-on-chip” systems aim to fulfil this need by co-culturing epithelial, mesenchymal, 375 
endothelial, and neuronal cells or tissues in communicating chambers (135). Microfluidic 376 
devices (Figure 3( have already been used to co-culture developing tooth germs (136), dental 377 
stem cells (118), and dental cancer stem cells (137) with trigeminal ganglia, the main mediator 378 
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of tooth innervation. These studies showed that microfluidics can faithfully recapitulate the 379 
in vivo situation, thus providing a solid ground for the study of dental tissues in “organ-on-380 
chip” systems (119). 381 
Perspectives 382 
- Highlight the importance of the field. In this review we discuss the use of teeth as 383 
models to study signaling pathways in organ development, homeostasis and 384 
regeneration. Teeth are indeed a prototypical model for the study of morphogenesis, 385 
epithelial-mesenchymal interactions, mineralization, and stem cell biology. 386 
- A summary of the current thinking. Combination of powerful in vivo (e.g. transgenic 387 
animals) and in vitro (e.g. tissue recombinants, long-term whole organ culture) 388 
approaches make teeth a unique model for the study of signaling pathways. Complex 389 
networks of signaling cascades are involved in tooth initiation, morphogenesis, 390 
cytodifferentiation, mineralization, as well as injury and regeneration. Study of these 391 
processes has provided important information concerning basic features of signaling 392 
pathways, as well as fundamental input for their exploitation for clinical purposes. 393 
- A comment on future directions. The recent technological advances in three-394 
dimensional culture systems, microfluidic “organ-on-a-chip” platforms, gene editing 395 
techniques and nanotechnology are providing new possibilities for the study of 396 
signaling cascades and of interactions between the different dental tissues. Moreover, 397 
they offer exciting perspectives for regenerative and personalized medicine. 398 
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Figures and Figure legends 410 
 411 
Figure 1. Schematic representation of the anatomy of rodent molars and incisors. 412 
Abbreviations: AB, alveolar bone; DESCs, Dental Epithelial Stem Cells; DMSCs, Dental 413 
Mesenchymal Stem Cells; PDL, periodontal ligament. Above: general structure of a mouse 414 
lower hemi jaw, and relative localization of the molars and the continuously growing incisor. 415 
Below, a): Structure of human molar. The overall features are conserved between human and 416 




Figure 2. Overview of tooth development.  The main signaling pathways (capital letters) and 419 
transcription factors (lowercase) involved at the different morphological stages are listed.  420 
Abbreviations: d, dentin; de, dental epithelium; df, dental follicle; dm, dental mesenchyme; 421 
dp, dental papilla; e, enamel; HERS, Hertwig’s Epithelial Root Sheath; iee, inner enamel 422 




Figure 3. Overview of the main in vivo, ex vivo and in vitro experimental approaches for the 426 
study of signaling pathways in dental tissues.  427 
  428 
 24 
References 429 
1. Mitsiadis TA, Graf D. Cell fate determination during tooth development and 430 
regeneration. Birth Defects Res C Embryo Today. 2009;87(3):199-211. 431 
2. Zhao H, Feng J, Seidel K, Shi S, Klein O, Sharpe P, et al. Secretion of shh by a 432 
neurovascular bundle niche supports mesenchymal stem cell homeostasis in the adult 433 
mouse incisor. Cell Stem Cell. 2014;14(2):160-73. 434 
3. Oh M, Zhang Z, Mantesso A, Oklejas AE, Nor JE. Endothelial-Initiated Crosstalk 435 
Regulates Dental Pulp Stem Cell Self-Renewal. J Dent Res. 2020;99(9):1102-11. 436 
4. Slavkin HC, Diekwisch T. Evolution in tooth developmental biology: of morphology 437 
and molecules. Anat Rec. 1996;245(2):131-50. 438 
5. Rucklin M, Donoghue PC. Romundina and the evolutionary origin of teeth. Biol Lett. 439 
2015;11(6):20150326. 440 
6. Mitsiadis TA, Luder HU. Genetic basis for tooth malformations: from mice to men 441 
and back again. Clin Genet. 2011;80(4):319-29. 442 
7. Jimenez-Rojo L, Granchi Z, Graf D, Mitsiadis TA. Stem Cell Fate Determination during 443 
Development and Regeneration of Ectodermal Organs. Front Physiol. 2012;3:107. 444 
8. Thesleff I, Jernvall J. The enamel knot: a putative signaling center regulating tooth 445 
development. Cold Spring Harb Symp Quant Biol. 1997;62:257-67. 446 
9. Harada H, Kettunen P, Jung HS, Mustonen T, Wang YA, Thesleff I. Localization of 447 
putative stem cells in dental epithelium and their association with Notch and FGF signaling. J 448 
Cell Biol. 1999;147(1):105-20. 449 
10. Naveau A, Seidel K, Klein OD. Tooth, hair and claw: comparing epithelial stem cell 450 
niches of ectodermal appendages. Exp Cell Res. 2014;325(2):96-103. 451 
11. Smith CEL, Poulter JA, Antanaviciute A, Kirkham J, Brookes SJ, Inglehearn CF, et al. 452 
Amelogenesis Imperfecta; Genes, Proteins, and Pathways. Front Physiol. 2017;8:435. 453 
12. DeRocher KA, Smeets PJM, Goodge BH, Zachman MJ, Balachandran PV, Stegbauer L, 454 
et al. Chemical gradients in human enamel crystallites. Nature. 2020;583(7814):66-71. 455 
13. Fukumoto S, Yamada Y. Review: extracellular matrix regulates tooth morphogenesis. 456 
Connect Tissue Res. 2005;46(4-5):220-6. 457 
14. An B, Wang R, Zhang D. Role of crystal arrangement on the mechanical performance 458 
of enamel. Acta Biomater. 2012;8(10):3784-93. 459 
15. He LH, Swain MV. Understanding the mechanical behaviour of human enamel from 460 
its structural and compositional characteristics. J Mech Behav Biomed Mater. 2008;1(1):18-461 
29. 462 
16. Goldberg M, Kulkarni AB, Young M, Boskey A. Dentin: structure, composition and 463 
mineralization. Front Biosci (Elite Ed). 2011;3:711-35. 464 
17. Fried K, Gibbs JL. Dental Pulp Innervation. In: Goldberg M, editor. The Dental Pulp: 465 
Biology, Pathology, and Regenerative Therapies. Berlin, Heidelberg: Springer Berlin 466 
Heidelberg; 2014. p. 75-95. 467 
18. About I. Pulp Vascularization and Its Regulation by the Microenvironment. In: 468 
Goldberg M, editor. The Dental Pulp: Biology, Pathology, and Regenerative Therapies. 469 
Berlin, Heidelberg: Springer Berlin Heidelberg; 2014. p. 61-74. 470 
19. Smith PC, Martinez C, Martinez J, McCulloch CA. Role of Fibroblast Populations in 471 
Periodontal Wound Healing and Tissue Remodeling. Front Physiol. 2019;10:270. 472 
 25 
20. Sodek J, Overall CM. Matrix metalloproteinases in periodontal tissue remodelling. 473 
Matrix Suppl. 1992;1:352-62. 474 
21. Mitsiadis TA, Caton J, Pagella P, Orsini G, Jimenez-Rojo L. Monitoring Notch 475 
Signaling-Associated Activation of Stem Cell Niches within Injured Dental Pulp. Front Physiol. 476 
2017;8:372. 477 
22. Mitsiadis TA, De Bari C, About I. Apoptosis in developmental and repair-related 478 
human tooth remodeling: a view from the inside. Exp Cell Res. 2008;314(4):869-77. 479 
23. Heaton B, Dietrich T. Analytic epidemiology and periodontal diseases. Periodontol 480 
2000. 2012;58(1):112-20. 481 
24. Orsini G, Pagella P, Mitsiadis TA. Modern Trends in Dental Medicine: An Update for 482 
Internists. Am J Med. 2018;131(12):1425-30. 483 
25. Kollar EJ, Baird GR. Tissue interactions in embryonic mouse tooth germs. II. The 484 
inductive role of the dental papilla. J Embryol Exp Morphol. 1970;24(1):173-86. 485 
26. Imai H, Osumi-Yamashita N, Ninomiya Y, Eto K. Contribution of early-emigrating 486 
midbrain crest cells to the dental mesenchyme of mandibular molar teeth in rat embryos. 487 
Dev Biol. 1996;176(2):151-65. 488 
27. Mitsiadis TA, Cheraud Y, Sharpe P, Fontaine-Perus J. Development of teeth in chick 489 
embryos after mouse neural crest transplantations. Proc Natl Acad Sci U S A. 490 
2003;100(11):6541-5. 491 
28. Mina M, Kollar EJ. The induction of odontogenesis in non-dental mesenchyme 492 
combined with early murine mandibular arch epithelium. Arch Oral Biol. 1987;32(2):123-7. 493 
29. Ahtiainen L, Uski I, Thesleff I, Mikkola ML. Early epithelial signaling center governs 494 
tooth budding morphogenesis. J Cell Biol. 2016;214(6):753-67. 495 
30. Nanci A. Ten Cate's Oral Histology Elsevier; 2017. 496 
31. Luan X, Ito Y, Diekwisch TG. Evolution and development of Hertwig's epithelial root 497 
sheath. Dev Dyn. 2006;235(5):1167-80. 498 
32. Li J, Parada C, Chai Y. Cellular and molecular mechanisms of tooth root development. 499 
Development. 2017;144(3):374-84. 500 
33. Mucchielli ML, Mitsiadis TA. Correlation of asymmetric Notch2 expression and 501 
mouse incisor rotation. Mech Dev. 2000;91(1-2):379-82. 502 
34. Huang L, Liu B, Cha JY, Yuan G, Kelly M, Singh G, et al. Mechanoresponsive Properties 503 
of the Periodontal Ligament. J Dent Res. 2016;95(4):467-75. 504 
35. Cantu C, Pagella P, Shajiei TD, Zimmerli D, Valenta T, Hausmann G, et al. A 505 
cytoplasmic role of Wnt/beta-catenin transcriptional cofactors Bcl9, Bcl9l, and Pygopus in 506 
tooth enamel formation. Sci Signal. 2017;10(465). 507 
36. Ashe HL, Briscoe J. The interpretation of morphogen gradients. Development. 508 
2006;133(3):385-94. 509 
37. Ingham PW, McMahon AP. Hedgehog signaling in animal development: paradigms 510 
and principles. Genes Dev. 2001;15(23):3059-87. 511 
38. Ornitz DM, Itoh N. The Fibroblast Growth Factor signaling pathway. Wiley Interdiscip 512 
Rev Dev Biol. 2015;4(3):215-66. 513 
39. Schmierer B, Hill CS. TGFbeta-SMAD signal transduction: molecular specificity and 514 
functional flexibility. Nat Rev Mol Cell Biol. 2007;8(12):970-82. 515 
40. Nusse R, Clevers H. Wnt/beta-Catenin Signaling, Disease, and Emerging Therapeutic 516 
Modalities. Cell. 2017;169(6):985-99. 517 
41. Gomez-Orte E, Saenz-Narciso B, Moreno S, Cabello J. Multiple functions of the 518 
noncanonical Wnt pathway. Trends Genet. 2013;29(9):545-53. 519 
 26 
42. Siebel C, Lendahl U. Notch Signaling in Development, Tissue Homeostasis, and 520 
Disease. Physiol Rev. 2017;97(4):1235-94. 521 
43. Kopan R, Ilagan MX. The canonical Notch signaling pathway: unfolding the activation 522 
mechanism. Cell. 2009;137(2):216-33. 523 
44. Guruharsha KG, Kankel MW, Artavanis-Tsakonas S. The Notch signalling system: 524 
recent insights into the complexity of a conserved pathway. Nat Rev Genet. 2012;13(9):654-525 
66. 526 
45. Hori K, Sen A, Artavanis-Tsakonas S. Notch signaling at a glance. J Cell Sci. 527 
2013;126(Pt 10):2135-40. 528 
46. Schroeter EH, Kisslinger JA, Kopan R. Notch-1 signalling requires ligand-induced 529 
proteolytic release of intracellular domain. Nature. 1998;393(6683):382-6. 530 
47. Cohen B, Shimizu M, Izrailit J, Ng NF, Buchman Y, Pan JG, et al. Cyclin D1 is a direct 531 
target of JAG1-mediated Notch signaling in breast cancer. Breast Cancer Res Treat. 532 
2010;123(1):113-24. 533 
48. Palomero T, Lim WK, Odom DT, Sulis ML, Real PJ, Margolin A, et al. NOTCH1 directly 534 
regulates c-MYC and activates a feed-forward-loop transcriptional network promoting 535 
leukemic cell growth. Proc Natl Acad Sci U S A. 2006;103(48):18261-6. 536 
49. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell fate control and signal 537 
integration in development. Science. 1999;284(5415):770-6. 538 
50. Artavanis-Tsakonas S, Matsuno K, Fortini ME. Notch signaling. Science. 539 
1995;268(5208):225-32. 540 
51. Gumbiner BM, Kim NG. The Hippo-YAP signaling pathway and contact inhibition of 541 
growth. J Cell Sci. 2014;127(Pt 4):709-17. 542 
52. Sutkeviciute I, Clark LJ, White AD, Gardella TJ, Vilardaga JP. PTH/PTHrP Receptor 543 
Signaling, Allostery, and Structures. Trends Endocrinol Metab. 2019;30(11):860-74. 544 
53. Mitsiadis TA, Smith MM. How do genes make teeth to order through development? J 545 
Exp Zool B Mol Dev Evol. 2006;306(3):177-82. 546 
54. Mitsiadis TA, Mucchielli ML, Raffo S, Proust JP, Koopman P, Goridis C. Expression of 547 
the transcription factors Otlx2, Barx1 and Sox9 during mouse odontogenesis. Eur J Oral Sci. 548 
1998;106 Suppl 1:112-6. 549 
55. Mucchielli ML, Mitsiadis TA, Raffo S, Brunet JF, Proust JP, Goridis C. Mouse 550 
Otlx2/RIEG expression in the odontogenic epithelium precedes tooth initiation and requires 551 
mesenchyme-derived signals for its maintenance. Dev Biol. 1997;189(2):275-84. 552 
56. Lin CR, Kioussi C, O'Connell S, Briata P, Szeto D, Liu F, et al. Pitx2 regulates lung 553 
asymmetry, cardiac positioning and pituitary and tooth morphogenesis. Nature. 554 
1999;401(6750):279-82. 555 
57. Lu MF, Pressman C, Dyer R, Johnson RL, Martin JF. Function of Rieger syndrome gene 556 
in left-right asymmetry and craniofacial development. Nature. 1999;401(6750):276-8. 557 
58. St Amand TR, Zhang Y, Semina EV, Zhao X, Hu Y, Nguyen L, et al. Antagonistic signals 558 
between BMP4 and FGF8 define the expression of Pitx1 and Pitx2 in mouse tooth-forming 559 
anlage. Dev Biol. 2000;217(2):323-32. 560 
59. Bei M, Maas R. FGFs and BMP4 induce both Msx1-independent and Msx1-dependent 561 
signaling pathways in early tooth development. Development. 1998;125(21):4325-33. 562 
60. Neubuser A, Peters H, Balling R, Martin GR. Antagonistic interactions between FGF 563 
and BMP signaling pathways: a mechanism for positioning the sites of tooth formation. Cell. 564 
1997;90(2):247-55. 565 
 27 
61. Cobourne MT, Mitsiadis T. Neural crest cells and patterning of the mammalian 566 
dentition. J Exp Zool B Mol Dev Evol. 2006;306(3):251-60. 567 
62. Prochazka J, Prochazkova M, Du W, Spoutil F, Tureckova J, Hoch R, et al. Migration of 568 
Founder Epithelial Cells Drives Proper Molar Tooth Positioning and Morphogenesis. Dev 569 
Cell. 2015;35(6):713-24. 570 
63. Gritli-Linde A, Bei M, Maas R, Zhang XM, Linde A, McMahon AP. Shh signaling within 571 
the dental epithelium is necessary for cell proliferation, growth and polarization. 572 
Development. 2002;129(23):5323-37. 573 
64. Andl T, Reddy ST, Gaddapara T, Millar SE. WNT signals are required for the initiation 574 
of hair follicle development. Dev Cell. 2002;2(5):643-53. 575 
65. Chen J, Lan Y, Baek JA, Gao Y, Jiang R. Wnt/beta-catenin signaling plays an essential 576 
role in activation of odontogenic mesenchyme during early tooth development. Dev Biol. 577 
2009;334(1):174-85. 578 
66. Jarvinen E, Salazar-Ciudad I, Birchmeier W, Taketo MM, Jernvall J, Thesleff I. 579 
Continuous tooth generation in mouse is induced by activated epithelial Wnt/beta-catenin 580 
signaling. Proc Natl Acad Sci U S A. 2006;103(49):18627-32. 581 
67. Wang XP, O'Connell DJ, Lund JJ, Saadi I, Kuraguchi M, Turbe-Doan A, et al. Apc 582 
inhibition of Wnt signaling regulates supernumerary tooth formation during embryogenesis 583 
and throughout adulthood. Development. 2009;136(11):1939-49. 584 
68. Nakatomi M, Wang XP, Key D, Lund JJ, Turbe-Doan A, Kist R, et al. Genetic 585 
interactions between Pax9 and Msx1 regulate lip development and several stages of tooth 586 
morphogenesis. Dev Biol. 2010;340(2):438-49. 587 
69. Yu T, Klein OD. Molecular and cellular mechanisms of tooth development, 588 
homeostasis and repair. Development. 2020;147(2). 589 
70. Harjunmaa E, Seidel K, Hakkinen T, Renvoise E, Corfe IJ, Kallonen A, et al. Replaying 590 
evolutionary transitions from the dental fossil record. Nature. 2014;512(7512):44-8. 591 
71. Mitsiadis TA, Graf D, Luder H, Gridley T, Bluteau G. BMPs and FGFs target Notch 592 
signalling via jagged 2 to regulate tooth morphogenesis and cytodifferentiation. 593 
Development. 2010;137(18):3025-35. 594 
72. Haara O, Harjunmaa E, Lindfors PH, Huh SH, Fliniaux I, Aberg T, et al. Ectodysplasin 595 
regulates activator-inhibitor balance in murine tooth development through Fgf20 signaling. 596 
Development. 2012;139(17):3189-99. 597 
73. Pispa J, Jung HS, Jernvall J, Kettunen P, Mustonen T, Tabata MJ, et al. Cusp 598 
patterning defect in Tabby mouse teeth and its partial rescue by FGF. Dev Biol. 599 
1999;216(2):521-34. 600 
74. Harada H, Toyono T, Toyoshima K, Yamasaki M, Itoh N, Kato S, et al. FGF10 maintains 601 
stem cell compartment in developing mouse incisors. Development. 2002;129(6):1533-41. 602 
75. Mitsiadis TA, Lardelli M, Lendahl U, Thesleff I. Expression of Notch 1, 2 and 3 is 603 
regulated by epithelial-mesenchymal interactions and retinoic acid in the developing mouse 604 
tooth and associated with determination of ameloblast cell fate. J Cell Biol. 605 
1995;130(2):407-18. 606 
76. Mitsiadis TA, Regaudiat L, Gridley T. Role of the Notch signalling pathway in tooth 607 
morphogenesis. Arch Oral Biol. 2005;50(2):137-40. 608 
77. Caton J, Luder HU, Zoupa M, Bradman M, Bluteau G, Tucker AS, et al. Enamel-free 609 
teeth: Tbx1 deletion affects amelogenesis in rodent incisors. Dev Biol. 2009;328(2):493-505. 610 
 28 
78. Seidel K, Ahn CP, Lyons D, Nee A, Ting K, Brownell I, et al. Hedgehog signaling 611 
regulates the generation of ameloblast progenitors in the continuously growing mouse 612 
incisor. Development. 2010;137(22):3753-61. 613 
79. Mitsiadis TA, Hirsinger E, Lendahl U, Goridis C. Delta-notch signaling in 614 
odontogenesis: correlation with cytodifferentiation and evidence for feedback regulation. 615 
Dev Biol. 1998;204(2):420-31. 616 
80. Mitsiadis TA, Henrique D, Thesleff I, Lendahl U. Mouse Serrate-1 (Jagged-1): 617 
expression in the developing tooth is regulated by epithelial-mesenchymal interactions and 618 
fibroblast growth factor-4. Development. 1997;124(8):1473-83. 619 
81. Mustonen T, Tummers M, Mikami T, Itoh N, Zhang N, Gridley T, et al. Lunatic fringe, 620 
FGF, and BMP regulate the Notch pathway during epithelial morphogenesis of teeth. Dev 621 
Biol. 2002;248(2):281-93. 622 
82. Harada H, Ichimori Y, Yokohama-Tamaki T, Ohshima H, Kawano S, Katsube K, et al. 623 
Stratum intermedium lineage diverges from ameloblast lineage via Notch signaling. Biochem 624 
Biophys Res Commun. 2006;340(2):611-6. 625 
83. Guan X, Xu M, Millar SE, Bartlett JD. Beta-catenin is essential for ameloblast 626 
movement during enamel development. Eur J Oral Sci. 2016;124(3):221-7. 627 
84. Fan L, Deng S, Sui X, Liu M, Cheng S, Wang Y, et al. Constitutive activation of beta-628 
catenin in ameloblasts leads to incisor enamel hypomineralization. J Mol Histol. 629 
2018;49(5):499-507. 630 
85. Li J, Feng J, Liu Y, Ho TV, Grimes W, Ho HA, et al. BMP-SHH signaling network controls 631 
epithelial stem cell fate via regulation of its niche in the developing tooth. Dev Cell. 632 
2015;33(2):125-35. 633 
86. Yokohama-Tamaki T, Ohshima H, Fujiwara N, Takada Y, Ichimori Y, Wakisaka S, et al. 634 
Cessation of Fgf10 signaling, resulting in a defective dental epithelial stem cell 635 
compartment, leads to the transition from crown to root formation. Development. 636 
2006;133(7):1359-66. 637 
87. Yang J, Wang SK, Choi M, Reid BM, Hu Y, Lee YL, et al. Taurodontism, variations in 638 
tooth number, and misshapened crowns in Wnt10a null mice and human kindreds. Mol 639 
Genet Genomic Med. 2015;3(1):40-58. 640 
88. Yu M, Liu Y, Wang Y, Wong SW, Wu J, Liu H, et al. Epithelial Wnt10a Is Essential for 641 
Tooth Root Furcation Morphogenesis. J Dent Res. 2020;99(3):311-9. 642 
89. Kim TH, Bae CH, Jang EH, Yoon CY, Bae Y, Ko SO, et al. Col1a1-cre mediated 643 
activation of beta-catenin leads to aberrant dento-alveolar complex formation. Anat Cell 644 
Biol. 2012;45(3):193-202. 645 
90. Takahashi A, Nagata M, Gupta A, Matsushita Y, Yamaguchi T, Mizuhashi K, et al. 646 
Autocrine regulation of mesenchymal progenitor cell fates orchestrates tooth eruption. Proc 647 
Natl Acad Sci U S A. 2019;116(2):575-80. 648 
91. Ono W, Sakagami N, Nishimori S, Ono N, Kronenberg HM. Parathyroid hormone 649 
receptor signalling in osterix-expressing mesenchymal progenitors is essential for tooth root 650 
formation. Nat Commun. 2016;7:11277. 651 
92. Decker E, Stellzig-Eisenhauer A, Fiebig BS, Rau C, Kress W, Saar K, et al. PTHR1 loss-652 
of-function mutations in familial, nonsyndromic primary failure of tooth eruption. Am J Hum 653 
Genet. 2008;83(6):781-6. 654 
93. Wang XP, Suomalainen M, Felszeghy S, Zelarayan LC, Alonso MT, Plikus MV, et al. An 655 
integrated gene regulatory network controls stem cell proliferation in teeth. PLoS Biol. 656 
2007;5(6):e159. 657 
 29 
94. Kurosaka H, Islam MN, Kuremoto K, Hayano S, Nakamura M, Kawanabe N, et al. Core 658 
binding factor beta functions in the maintenance of stem cells and orchestrates continuous 659 
proliferation and differentiation in mouse incisors. Stem Cells. 2011;29(11):1792-803. 660 
95. Yang Z, Balic A, Michon F, Juuri E, Thesleff I. Mesenchymal Wnt/beta-Catenin 661 
Signaling Controls Epithelial Stem Cell Homeostasis in Teeth by Inhibiting the Antiapoptotic 662 
Effect of Fgf10. Stem Cells. 2015;33(5):1670-81. 663 
96. Walker JV, Zhuang H, Singer D, Illsley CS, Kok WL, Sivaraj KK, et al. Transit amplifying 664 
cells coordinate mouse incisor mesenchymal stem cell activation. Nature Communications. 665 
2019;10(1):3596. 666 
97. Sharir A, Marangoni P, Zilionis R, Wan M, Wald T, Hu JK, et al. A large pool of actively 667 
cycling progenitors orchestrates self-renewal and injury repair of an ectodermal appendage. 668 
Nat Cell Biol. 2019;21(9):1102-12. 669 
98. Hu JK, Du W, Shelton SJ, Oldham MC, DiPersio CM, Klein OD. An FAK-YAP-mTOR 670 
Signaling Axis Regulates Stem Cell-Based Tissue Renewal in Mice. Cell Stem Cell. 671 
2017;21(1):91-106 e6. 672 
99. Lumsden AG. Spatial organization of the epithelium and the role of neural crest cells 673 
in the initiation of the mammalian tooth germ. Development. 1988;103 Suppl:155-69. 674 
100. Mitsiadis TA, Caton J, Cobourne M. Waking-up the sleeping beauty: recovery of the 675 
ancestral bird odontogenic program. J Exp Zool B Mol Dev Evol. 2006;306(3):227-33. 676 
101. Otsu K, Fujiwara N, Harada H. Organ cultures and kidney-capsule grafting of tooth 677 
germs. Methods Mol Biol. 2012;887:59-67. 678 
102. Mitsiadis TA, Angeli I, James C, Lendahl U, Sharpe PT. Role of Islet1 in the patterning 679 
of murine dentition. Development. 2003;130(18):4451-60. 680 
103. Mitsiadis TA, Muramatsu T, Muramatsu H, Thesleff I. Midkine (MK), a heparin-681 
binding growth/differentiation factor, is regulated by retinoic acid and epithelial-682 
mesenchymal interactions in the developing mouse tooth, and affects cell proliferation and 683 
morphogenesis. J Cell Biol. 1995;129(1):267-81. 684 
104. Mitsiadis TA, Salmivirta M, Muramatsu T, Muramatsu H, Rauvala H, Lehtonen E, et 685 
al. Expression of the heparin-binding cytokines, midkine (MK) and HB-GAM (pleiotrophin) is 686 
associated with epithelial-mesenchymal interactions during fetal development and 687 
organogenesis. Development. 1995;121(1):37-51. 688 
105. Mitsiadis TA, Tucker AS, De Bari C, Cobourne MT, Rice DP. A regulatory relationship 689 
between Tbx1 and FGF signaling during tooth morphogenesis and ameloblast lineage 690 
determination. Dev Biol. 2008;320(1):39-48. 691 
106. Xu M, Horrell J, Snitow M, Cui J, Gochnauer H, Syrett CM, et al. WNT10A mutation 692 
causes ectodermal dysplasia by impairing progenitor cell proliferation and KLF4-mediated 693 
differentiation. Nat Commun. 2017;8:15397. 694 
107. Wang Y, Li L, Zheng Y, Yuan G, Yang G, He F, et al. BMP activity is required for tooth 695 
development from the lamina to bud stage. J Dent Res. 2012;91(7):690-5. 696 
108. Kratochwil K, Galceran J, Tontsch S, Roth W, Grosschedl R. FGF4, a direct target of 697 
LEF1 and Wnt signaling, can rescue the arrest of tooth organogenesis in Lef1(-/-) mice. 698 
Genes Dev. 2002;16(24):3173-85. 699 
109. Li LL, Liu PH, Xie XH, Ma S, Liu C, Chen L, et al. Loss of epithelial FAM20A in mice 700 
causes amelogenesis imperfecta, tooth eruption delay and gingival overgrowth. Int J Oral 701 
Sci. 2016;8(2):98-109. 702 
110. Pugach MK, Gibson CW. Analysis of enamel development using murine model 703 
systems: approaches and limitations. Front Physiol. 2014;5:313. 704 
 30 
111. Coxon TL, Brook AH, Barron MJ, Smith RN. Phenotype-genotype correlations in 705 
mouse models of amelogenesis imperfecta caused by Amelx and Enam mutations. Cells 706 
Tissues Organs. 2012;196(5):420-30. 707 
112. Nakashima M, Mizunuma K, Murakami T, Akamine A. Induction of dental pulp stem 708 
cell differentiation into odontoblasts by electroporation-mediated gene delivery of 709 
growth/differentiation factor 11 (Gdf11). Gene Therapy. 2002;9(12):814-8. 710 
113. Tomokiyo A, Wada N, Maeda H. Periodontal Ligament Stem Cells: Regenerative 711 
Potency in Periodontium. Stem Cells Dev. 2019;28(15):974-85. 712 
114. Mitsiadis TA, Orsini G, Jimenez-Rojo L. Stem cell-based approaches in dentistry. Eur 713 
Cell Mater. 2015;30:248-57. 714 
115. Shi S, Gronthos S. Perivascular niche of postnatal mesenchymal stem cells in human 715 
bone marrow and dental pulp. J Bone Miner Res. 2003;18(4):696-704. 716 
116. Woloszyk A, Liccardo D, Mitsiadis TA. Three-Dimensional Imaging of the Developing 717 
Vasculature within Stem Cell-Seeded Scaffolds Cultured in ovo. Front Physiol. 2016;7:146. 718 
117. Woloszyk A, Buschmann J, Waschkies C, Stadlinger B, Mitsiadis TA. Human Dental 719 
Pulp Stem Cells and Gingival Fibroblasts Seeded into Silk Fibroin Scaffolds Have the Same 720 
Ability in Attracting Vessels. Front Physiol. 2016;7:140. 721 
118. Pagella P, Miran S, Neto E, Martin I, Lamghari M, Mitsiadis TA. Human dental pulp 722 
stem cells exhibit enhanced properties in comparison to human bone marrow stem cells on 723 
neurites outgrowth. FASEB J. 2020;34(4):5499-511. 724 
119. Orsini G, Pagella P, Putignano A, Mitsiadis TA. Novel Biological and Technological 725 
Platforms for Dental Clinical Use. Front Physiol. 2018;9:1102. 726 
120. Jung C, Kim S, Sun T, Cho YB, Song M. Pulp-dentin regeneration: current approaches 727 
and challenges. J Tissue Eng. 2019;10:2041731418819263. 728 
121. He L, Zhou J, Chen M, Lin CS, Kim SG, Zhou Y, et al. Parenchymal and stromal tissue 729 
regeneration of tooth organ by pivotal signals reinstated in decellularized matrix. Nat Mater. 730 
2019;18(6):627-37. 731 
122. Chen H, Fu H, Wu X, Duan Y, Zhang S, Hu H, et al. Regeneration of pulpo-dentinal-like 732 
complex by a group of unique multipotent CD24a(+) stem cells. Sci Adv. 733 
2020;6(15):eaay1514. 734 
123. Athanassiou-Papaefthymiou M, Papagerakis P, Papagerakis S. Isolation and 735 
Characterization of Human Adult Epithelial Stem Cells from the Periodontal Ligament. J Dent 736 
Res. 2015;94(11):1591-600. 737 
124. Juuri E, Saito K, Ahtiainen L, Seidel K, Tummers M, Hochedlinger K, et al. Sox2+ stem 738 
cells contribute to all epithelial lineages of the tooth via Sfrp5+ progenitors. Dev Cell. 739 
2012;23(2):317-28. 740 
125. Orsini G, Jimenez-Rojo L, Natsiou D, Putignano A, Mitsiadis TA. In vivo administration 741 
of dental epithelial stem cells at the apical end of the mouse incisor. Front Physiol. 742 
2015;6:112. 743 
126. Tummers M, Thesleff I. Root or crown: a developmental choice orchestrated by the 744 
differential regulation of the epithelial stem cell niche in the tooth of two rodent species. 745 
Development. 2003;130(6):1049-57. 746 
127. Ohshima H, Nakasone N, Hashimoto E, Sakai H, Nakakura-Ohshima K, Harada H. The 747 
eternal tooth germ is formed at the apical end of continuously growing teeth. Arch Oral Biol. 748 
2005;50(2):153-7. 749 
128. Kaukua N, Shahidi MK, Konstantinidou C, Dyachuk V, Kaucka M, Furlan A, et al. Glial 750 
origin of mesenchymal stem cells in a tooth model system. Nature. 2014;513(7519):551-4. 751 
 31 
129. Natsiou D, Granchi Z, Mitsiadis TA, Jimenez-Rojo L. Generation of Spheres from 752 
Dental Epithelial Stem Cells. Front Physiol. 2017;8:7. 753 
130. Chavez MG, Yu W, Biehs B, Harada H, Snead ML, Lee JS, et al. Characterization of 754 
dental epithelial stem cells from the mouse incisor with two-dimensional and three-755 
dimensional platforms. Tissue Eng Part C Methods. 2013;19(1):15-24. 756 
131. Berahim Z, Moharamzadeh K, Rawlinson A, Jowett AK. Biologic interaction of three-757 
dimensional periodontal fibroblast spheroids with collagen-based and synthetic 758 
membranes. J Periodontol. 2011;82(5):790-7. 759 
132. Binder M, Biggs LC, Kronenberg MS, Schneider P, Thesleff I, Balic A. Novel strategies 760 
for expansion of tooth epithelial stem cells and ameloblast generation. Sci Rep. 761 
2020;10(1):4963. 762 
133. Ikeda E, Morita R, Nakao K, Ishida K, Nakamura T, Takano-Yamamoto T, et al. Fully 763 
functional bioengineered tooth replacement as an organ replacement therapy. Proc Natl 764 
Acad Sci U S A. 2009;106(32):13475-80. 765 
134. Ingber DE. Reverse Engineering Human Pathophysiology with Organs-on-Chips. Cell. 766 
2016;164(6):1105-9. 767 
135. Ingber DE. Developmentally inspired human 'organs on chips'. Development. 768 
2018;145(16). 769 
136. Pagella P, Neto E, Jimenez-Rojo L, Lamghari M, Mitsiadis TA. Microfluidics co-culture 770 
systems for studying tooth innervation. Front Physiol. 2014;5:326. 771 
137. Pagella P, Caton J, Meisel CT, Mitsiadis TA. Ameloblastomas Exhibit Stem Cell 772 
Potential, Possess Neurotrophic Properties, and Establish Connections with Trigeminal 773 
Neurons. Cells. 2020;9(3). 774 
 775 
